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Abstract 
 Maternal behavior is a primary social characteristic of mammals. By studying 
maternal behavior in rats, broader inferences can be made about the neural circuits that 
influence maternal behavior in other mammals, including humans. Maternal behavior of 
rats includes nest building, pup grooming, nursing, and pup retrieval. The projections 
from the medial preoptic area of the hypothalamus (MPOA) to the ventral tegmental area 
(VTA) of the mesolimbic dopamine system are known to regulate maternal behavior in 
post-partum rats. The aim of the present study was to examine how inhibition of the 
basolateral amygdala (BLA), an area that projects to the nucleus accumbens-ventral 
palldium (NA-VP) circuit of the mesolimbic dopamine system, bilaterally with muscimol 
(a GABA-A agonist) might interrupt the retrieval of pups by post-partum rats. Females 
injected with muscimol, but not those injected with saline, displayed significant deficits 
in retrieval behavior, suggesting that the BLA is a region important for the promotion and 
maintenance of maternal behavior. The effects were also reversible, as all females 
displayed normal maternal behavior 24-hours post-injection. Follow-up studies should 
use asymmetric neuron-specific lesions of the BLA and the VP to show that the 
projections from the BLA to the VP are essential for maternal behavior. 
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Introduction 
 Maternal behavior is a defining social characteristic of mammals (Numan & 
Stolzenberg, 2008). Rats, like other mammals, engage in a variety of maternal behaviors, 
including retrieval, nest building, nursing, and pup grooming (Numan & Insel, 2003). 
Because it is highly likely that the core neural circuits regulating maternal behavior have 
been evolutionarily conserved, studying the factors that influence maternal behavior in 
rats can lead to broader inferences about the neural mechanisms that contribute to and 
disrupt maternal behavior in humans and other mammals (Numan & Stolzenberg, 2008). 
 The primary components of maternal behavior in rats are pup retrieval, nest 
building, pup nursing, and pup grooming (Numan & Stolzenberg, 2008). These actions 
can be divided into two distinct categories: appetitive (active) or consummatory (passive) 
behaviors. Appetitive behaviors include nest building and pup retrieval, during which a 
pup is carried to a new nest site or back to the nest, and are initiated predominately by the 
post-partum female (Numan & Stolzenberg, 2008). Contrary to appetitive behaviors, 
consummatory maternal behaviors are reflexive and are initiated by pups and the 
presence of pup stimuli (Numan & Stolzenberg, 2008). The major consummatory 
response is nursing behavior, in which a female hovers or crouches over her pups in 
response to pup suckling stimulation (Numan & Stolzenberg, 2008; Numan & 
Stolzenberg, 2009). Observations of appetitive and consummatory behaviors can be used 
as qualitative and quantitative measures of maternal responsiveness toward pups by 
primiparous (maternally experienced) and naïve (virgin) female rats. 
 Maternal behavior, which occurs when the motivation to approach pups becomes 
greater than the motivation to avoid pups, in response to pups and pup stimuli is 
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significantly different between naïve and primiparous females (Numan et al., 2005). A 
primiparous female will demonstrate maternal behavior in response to foster pups soon 
after they are presented to her, while a naïve female may require a sensitization latency 
(duration of pup exposure required for onset of maternal behavior) of up to seven days 
before she will approach and care for the pups (Lee et al., 1999; Numan et al., 2005; 
Numan & Stolzenberg, 2009). Moreover, a post-partum female will exhibit maternal 
behavior upon first exposure to her pups whereas a naïve female will avoid and may even 
attack pups upon first exposure (Numan & Stolzenberg, 2008). These findings suggest 
that hormonal events during pregnancy induce neural changes that cause pup stimuli to 
become motivating for primiparous females (Lee et al., 1999; Numan et al., 2005). 
 Hormonal and neural changes during pregnancy precipitate the maternal response 
toward pups and pup stimuli by post-partum female rats. During pregnancy, a drop in 
progesterone levels and rising levels of estradiol, lactogen, and oxytocin (OT) prime 
brain regions involved in the onset and maintenance of maternal behavior (Numan et al., 
2005; Numan & Stolzenberg, 2008). Importantly, sensitization latencies for maternal 
behavior in naïve females can be reduced by artificially mimicking the hormonal changes 
that occur during pregnancy, though the females will not lactate or be able to nurse foster 
pups (Numan & Stolzenberg, 2008). Additionally, because similar hormonal changes 
occur as a result of a hysterectomy as around parturition, a female rat that is 
hysterectomized during mid-pregnancy will exhibit maternal behavior toward foster pups 
(Numan & Stolzenberg, 2008). Such findings illustrate the similarities between 
hormonally treated naïve females and primiparous females in their responses to pups and 
pup stimuli, and support the idea that hormonal changes during pregnancy cause 
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avoidance responses to be down-regulated and maternal responses to be up-regulated 
(Numan & Stolzenberg, 2008). 
 Hormonal events during pregnancy produce behavioral changes by priming the 
medial preoptic area of the hypothalamus (MPOA) and the mesolimbic dopamine (DA) 
system (Numan, 2006). The mesolimbic DA system, a general motivational system that is 
essential for the occurrence of many appetitive or goal-directed behaviors, promotes 
motor actions in response to sensory stimuli that are relayed from the amygdala, 
hippocampus, and prefrontal cortex (PFC) (Numan, Rosenblatt & Komisaruk, 1977; 
Numan & Stolzenberg, 2008). The mesolimbic DA system originates in the ventral 
tegmental area (VTA) and has a major termination in the nucleus accumbens (NA), an 
area important for initiating motor responses to stimuli (Numan & Stolzenberg, 2008). 
NA GABAergic efferents inhibit the ventral pallidum (VP) and prevent motor actions in 
response to sensory stimuli, but VTA DA efferents inhibit the NA, thereby freeing the VP 
from inhibition (Numan & Stolzenberg, 2009). Oxytocin likely serves as a 
neurotransmitter in the MPOA and primes the MPOA to respond to pup olfactory and 
sensory stimuli, allowing the MPOA to relay pup-related information to the mesolimbic 
DA system (Numan & Stolzenberg, 2009). Maternal behavior can be induced in 
hysterectomized-ovariectomized females by injecting estradiol directly into the MPOA, 
indicating that pregnancy hormones act on MPOA receptors to induce maternal behavior 
(Numan et al., 1977). Estradiol injections into the MPOA also induce expression of OT 
receptors, and fMRI shows that activity in the MPOA increases during both maternal 
behavior and OT administration (Numan et al., 2005; Numan & Stolzenberg, 2008). OT 
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receptors are also present in the VTA and NA, suggesting that these areas, in addition to 
the MPOA, are primed for maternal experience during pregnancy (Numan et al., 2005). 
 One model of maternal behavior (Figure 1, p. 7) proposes that, in the presence of 
pups, the hormonally primed MPOA innervates the VTA to initiate maternal 
responsiveness (Numan & Stolzenberg, 2008). According to this model, projections from 
the MPOA to the VTA cause DA release into the NA - which depresses NA activity - 
thereby freeing the VP through a process of disinhibition (Numan et al., 2005; Numan & 
Stolzenberg, 2008). The basolateral amygdala (BLA) and prefrontal cortex (PFC), areas 
both involved in stimulus integration, also relay pup-related information to the NA-VP 
circuit to promote maternal responsiveness (Numan & Stolzenberg, 2009; Simerly & 
Swanson, 1986). The present study focuses primarily on the role of the BLA in maternal 
behavior, though it can be inferred that components of the PFC that project to the NA-VP 
circuit also influence maternal behavior (See Discussion for studies regarding the role of 
the PFC). Studies have shown that lesions of the VP, but not lesions of the NA, inhibit 
maternal behavior, suggesting that inhibition of the NA and active VP efferents are 
essential for normal maternal responsiveness (Numan & Stolzenberg, 2009). Thus, 
maternal motivation is likely due to the neural plasticity of mesolimbic DA activity 
(Numan et al., 2005; Numan & Stolzenberg, 2009). 
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Figure 1. The hormonally primed medial preoptic area (MPOA) projects to the 
mesolimbic dopamine (DA) system to promote maternal behavior. MPOA efferents 
stimulate ventral tegmental area (VTA) DA efferents to the nucleus accumbens (NA). 
DA depresses NA activity in response to inputs from the basolateral amygdala (BLA) and 
prefrontal cortex (PFC), both of which relay pup-related information to the NA-ventral 
pallidum (VP) circuit. Depression of the NA releases the VP from inhibition, which 
allows the VP to respond to BLA/PFC input. It is proposed that disinhibited VP efferents 
are necessary for appetitive maternal behaviors. Axons ending in an arrow are excitatory 
and axons ending in a bar are inhibitory. Other abbreviations: estradiol (E), oxytocin 
(OT), prolactin (Prol). (Taken from Numan & Stolzenberg, 2009.) 
 
 Inhibition of the MPOA has been shown to disrupt maternal behavior in post-
partum females. In post-partum rats, knife cuts to the lateral MPOA caused deficits in 
appetitive aspects, but not consummatory aspects, of maternal behavior (Numan, 1990). 
These deficits were still observed seven weeks after the initial operation, indicating that 
the MPOA is involved in both the onset and maintenance of maternal behavior (Numan, 
1990). The results must be interpreted cautiously, though, because the knife cuts were not 
specific and may have damaged fibers of passage (Numan, 1990). Importantly, Numan et 
al. (1988) showed that excitotoxic amino acid axon-sparing lesions of the MPOA also 
disrupted maternal behavior, demonstrating that the MPOA, and not fibers of passage, is 
important for regulating maternal behavior. Pereira & Morrell (2009) found that 
injections of bupivicaine, a local anesthetic that blocks all voltage-gated sodium 
channels, bilaterally into the MPOA of primiparous females reversibly disrupted early 
post-partum appetitive maternal behavior (i.e. retrieval, nest building), but not nursing 
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behavior. In lactating primiparous females, active components of maternal behavior, 
particularly pup retrieval, were inhibited by injecting baclofen, a GABA-B agonist, into 
the MPOA (Arrati et al., 2006). Another study found that bilateral electrolytic lesions of 
the MPOA led to a reduction in bar-press response rates by females who were trained to 
bar-press for a pup reward (Lee, Clancy & Fleming, 2000). Animals with sham lesions 
bar-pressed at a significantly higher rate than females with MPOA lesions, and animals 
with MPOA lesions still bar-pressed if food was used as a reward instead of pups, 
indicating that MPOA lesions caused a deficit specific to maternal behavior (Lee, Clancy 
& Fleming, 2000). These findings support the evidence that pregnancy hormones act at 
the level of the MPOA to promote maternal behavior, and also support the proposed 
model of the MPOA’s involvement in the appetitive, but not consummatory, aspects of 
maternal behavior (Figure 1). 
 Various studies have explored the importance of projections from the MPOA to 
the mesolimbic DA system for maternal behavior. It has been found that bilateral 
electrolytic lesions of the VTA and contralateral electrolytic lesions of the MPOA/VTA 
both cause deficits in appetitive maternal behaviors of primiparous females; less severe 
deficits were observed with ipsilateral lesions (Numan & Smith, 1984). Such findings 
suggest that MPOA projections to the VTA directly influence maternal behavior, and that 
unilateral lesions are not sufficient to completely disrupt maternal behavior (Numan & 
Smith, 1984). Numan et al. (2009) temporarily inactivated the VTA using muscimol and 
baclofen, GABA-A and GABA-B agonists, respectively, while sparing fibers of passage. 
Females injected with baclofen showed deficits in retrieval, likely caused by depressed 
activity of VTA projection neurons, further supporting the model’s proposal that intact 
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VTA projections to the NA are essential for normal maternal behavior (Figure 1) (Numan 
& Stolzenberg, 2009). Studies have also shown that injections of DA-D1receptor 
antagonists into the NA of post-partum rats disrupt retrieval of pups, and conversely that 
injections of DA-D1 receptor agonists into the NA can stimulate the onset of maternal 
behavior in pregnancy-terminated rats (Keer & Stern, 1999; Numan et al., 2005; 
Stolzenberg et al., 2007). These studies support the model of maternal behavior shown in 
Figure 1, wherein DA efferents from the VTA inhibit the NA to allow disinhibition of the 
VP. 
 In order for the hormonally primed MPOA to promote maternal behavior in the 
post-partum females, pup stimuli must activate the MPOA and the mesolimbic DA 
circuit. To do so, pup olfactory stimuli reach the accessory olfactory bulb, the major 
cortical area for consolidating pheromonal information like pup stimuli, which projects to 
the medial amygdala (MeA) (Swanson & Petrovich, 1998). The MeA then sends direct 
projections to the NA, MPOA/bed nucleus of the stria terminalis (BNST) and medial 
prefrontal cortex (mPFC) (Simerly & Swanson, 1986; Swanson & Petrovich, 1998). In 
addition, the primary olfactory cortex projects to the basomedial amygdala (BMA) and 
basolateral amygdala (BLA), both of which project to the NA-VP circuit (Simerly & 
Swanson, 1986; Swanson & Petrovich, 1998). Significantly, both the MPOA and the 
amygdala contain high densities of sex hormone (i.e. estradiol) receptors (Simerly & 
Swanson, 1986). Therefore, pup olfactory stimuli can be consolidated in the amygdala 
and relayed to the MPOA/BNST and NA-VP circuit where, in the presence of sex 
hormones, stimuli can be integrated to activate maternal behavior (Figure 1) (Simerly & 
Swanson, 1986). 
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 The basolateral amygdala (BLA), like the MPOA, has been shown to be important 
for promoting reward-seeking behaviors. The amygdala is a brain area related to social 
behaviors and appetitive motivation, and as such, projections from the amygdala to the 
NA-VP circuit of the mesolimbic DA system may be important for modulating goal-
directed behavior (Petrovich, Risold & Swanson, 1996). Ambroggi et al. (2008) showed 
that BLA efferents to the NA-VP circuit are important for reward-seeking behavior in 
rats. A reversible disconnection method was used in three different conditions: 1) a DA 
antagonist blocked DA-D1 receptors in the NA bilaterally, 2) baclofen and muscimol 
were used to temporarily inactivate the BLA bilaterally, or 3) the BLA and NA were 
contralaterally manipulated with muscimol/baclofen and a DA-D1 antagonist, 
respectively (Ambroggi et al., 2008). All three conditions caused reduced performance on 
a discriminative stimulus (DS) operant reward-seeking task (Ambroggi et al., 2008; 
Simmons & Neill, 2009). In another study, the BLA was bilaterally inactivated using a 
mixture of muscimol and baclofen, which resulted in decreased responding to reward-
predicting cues in a DS task (Ishikawa et al., 2008). Finally, it has been shown that 
bilateral excitotoxic lesions of the BLA, which spare fibers of passage, in male rats 
decrease responses to female sexual reinforcement, while lesions of the BLA followed by 
injections of amphetamine into the NA improves responding, suggesting that 
glutamatergic efferents from the BLA to the NA-VP circuit interact with DA inputs to the 
NA to regulate reward-seeking behaviors (Everitt, Cador & Robbins, 1989).  
 The findings of all the aforementioned studies demonstrate that the connections 
between the BLA and the mesolimbic DA system can influence responses to rewarding 
stimuli for goal-directed behavior in rats. What demands more extensive exploration, 
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though, is whether the BLA is essential for appetitive components of maternal behavior. 
Further, it remains to be determined whether BLA efferents connect to a specific pathway 
within the mesolimbic DA system in order to promote maternal behavior. 
Research Objective 
 A series of experiments was designed to further elucidate the importance of the 
BLA/BMA region and the medial prefrontal cortex (mPFC) for appetitive components of 
maternal behavior in post-partum rats; the study presented here focuses solely on the 
BLA/BMA region. These studies specifically aimed to examine the possibility that 
interactions between these brain areas with both the MPOA and the mesolimbic DA 
system promote maternal behavior. This research lays the groundwork for future studies 
concerning the specificity of connections between the BLA/PFC and the 
MPOA/mesolimbic DA system with regards to control of maternal behavior. 
 The BMA and the BLA contain many anatomically and functionally distinct 
regions. Each can be further divided into anterior and posterior regions: BMAa and 
BMAp or BLAa and BLAp, respectively (Petrovich, Risold & Swanson, 1996; Swanson 
& Petrovich, 1998). With respect to the BMA specifically, a PHAL study showed that the 
BMAp projects to the IL and PL PFC, the BMAa, the BLA, and the NA (Petrovich, 
Risold & Swanson, 1996). The same study showed that the BMAa projects to the BMAp, 
BLA, IL cortex, and the NA-VP circuit (Petrovich, Risold & Swanson, 1996; Wright & 
Groenewegen, 1995). Although both the BMAa and BMAp project to the BLA, IL, and 
NA-VP circuit, their distributions of axons within these brain regions are anatomically 
distinct (Petrovich, Risold & Swanson, 1996). Like the BMA, the BLA is complex in 
structure. It contains two main types of neurons: GABAergic interneurons, and 
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glutamatergic output neurons that project to the NA and VP (Ishikawa et al., 2008; 
Maslowski-Cobuzzi & Napier, 1994; Swanson & Petrovich, 1998; Woodruff & Sah, 
2007). The GABAergic interneurons inhibit the glutamatergic efferents to control the 
output of the BLA through feedforward inhibition (Woodruff & Sah, 2007). The 
anatomical complexity of the BLA/BMA region increases the difficulty of targeting the 
subset of neurons that may be responsible for promoting goal-directed behavior and, 
more specifically, appetitive components of maternal behavior in post-partum rats. 
 The BLA/BMA region has been shown to be involved in maternal behavior. The 
BMA, which projects to the NA-VP circuit, contains OT binding sites and thus could be 
primed by pregnancy hormones to promote maternal behavior (Petrovich, Risold & 
Swanson, 1996; Veinante & Freund-Mercier, 1997). Electrical lesions of the BLA in 
post-partum rats caused reduced bar-press response rates for pups and also reduced post-
bar-pressing retrieval of pups, effects that are similar to those found with MPOA lesions 
(Lee, Clancy & Fleming, 2000). It should be noted, though, that because these lesions 
may have affected both cell bodies and fibers of passage the findings do not conclusively 
determine whether the BLA (and not fibers of passage from another brain region) are 
responsible for promoting maternal behavior. To the contrary, other studies have 
demonstrated that BLA lesions do not permanently disrupt maternal behavior. Martel et 
al. (2008) found that bilateral BLA lesions only caused deficits in pup retrieval on day 1 
post-partum, and that females exhibited normal maternal behavior thereafter, suggesting 
that the BLA may not be important for the maintenance of maternal behavior. Thus, it is 
clear that more research is needed to clarify and confirm the role of the BLA in maternal 
behavior. 
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Experimental Design 
 The purpose of the present study was to further examine whether reversible 
inactivation of the BLA/BMA region, while sparing fibers of passage, disrupts appetitive 
aspects of maternal behavior in post-partum rats. Muscimol, a GABA-A agonist that 
inhibits cell bodies containing GABA receptors without inhibiting fibers of passage, was 
used to temporarily inactivate the BLA/BMA region. The BLA and BMA contain 
GABAergic interneurons that inhibit output neurons, such that GABA agonists will 
inhibit the efferent neurons of these regions (Woodruff & Sah, 2007). The method of 
temporary inactivation as well as the drug doses used in this study are supported by 
previous studies that have successfully inhibited goal-directed behavior in a reversible 
manner using muscimol or similar drugs (Ambroggi et al., 2008; Febo, Felix-Ortiz & 
Johnson, 2010; Ishikawa et al., 2008; Numan & Stolzenberg, 2009; Simmons & Neill, 
2009). The neural model of maternal behavior employed by this study reasons that, 
because both BLA/BMA efferents and MPOA to VTA efferents converge on the NA-VP 
circuit, inhibition of either of these pathways should disrupt the appetitive components of 
maternal behavior (Numan & Stolzenberg, 2008; Numan & Stolzenberg, 2009; Petrovich, 
Risold & Swanson, 1996; Swanson & Petrovich, 1998).  
 If the proposed neural model of maternal behavior is correct, inhibition of 
BLA/BMA efferents to the NA-VP circuit with muscimol should disrupt appetitive 
aspects of maternal behavior. The present study specifically examined whether temporary 
inactivation of the BLA/BMA region in primiparous post-partum rats using muscimol 
disrupted retrieval of pups to the nest from other regions of the cage. These effects were 
examined using three different doses of muscimol: 0ng, 100ng, and 200ng. 
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Methods 
 This experiment was carried out as a single-factor repeated measures design, such 
that post-partum females received injections of 0ng, 100ng, or 200ng (randomly ordered) 
of muscimol dissolved in physiological saline bilaterally in the BLA/BMA region on 
every other morning during the weeklong test period. A total number of 8 females were 
studied using this repeated measures design. 
Subjects and Housing 
 The subjects were primigravid (pregnant for the first time) timed-pregnant female 
rats of the Charles River CD strain (Charles River, Wilmington, MA). The females were 
mated between 70 and 77 days of age, and arrived in the laboratory on day 11 of 
pregnancy. Females were housed individually in clear polycarbonate cages (20 × 45 × 20 
cm) that contained wood shavings for bedding. On day 21 of pregnancy, females were 
transferred to larger clear polycarbonate observation cages (50 × 40 × 20 cm), the floors 
of which were divided into four equal quadrants by 5cm high Plexiglas dividers; the 
Plexiglas dividers prevented pups from crawling between quadrants. The subjects were 
housed under a 12-hour light-dark cycle (lights on 07:00, lights off 19:00), and all 
behavioral observations took place during the light phase. Food and water were freely 
available at all times. 
Stereotaxic Surgery and Injection Procedure 
 Stereotaxic surgery was performed on day 14 of pregnancy. Females were given 
atropine sulfate pretreatment (0.2 mg/kg ip), and surgery was performed with the females 
under Nembutal anesthesia (50 mg/kg ip) and Rimadyl (an analgesic; 5 mg/kg sc). Post-
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surgery, females received an injection of penicillin (50,000 units/kg sc) and were placed 
under a warming lamp during recovery. 
 The coordinates for stereotaxic surgery were based on the Paxinos and Watson 
(1997) stereotaxic atlas. Two separate unilateral 23-guage stainless steel guide cannulas 
were implanted in the BLA/BMA region bilaterally. Coordinates for the BLA/BMA 
guide cannulas from bregma were: A -2.8mm, M/L ± 4.8mm, DV -6.7mm. The stainless 
steel stylets and injector cannulas extended 2mm below the guide cannulas, making the 
injection site 8.7mm below the surface of the skull at bregma. 
 Females received bilateral injections of muscimol in the BLA/BMA region during 
the post-partum testing period. During injections, the stylet was removed from the guide 
cannula and replaced with a 30-guage injector cannula. The female was awake and hand-
held during this process. Polyethylene tubing was used to attach the injector cannula to a 
2µl Hamilton syringe, which was mounted to a Sage syringe pump. The injector cannula 
was filled with the appropriate dose of muscimol, and the rest of the polyethylene tubing 
was filled with water; an air bubble separated the drug and the water. The syringe pump 
was used to deliver the appropriate dose of drug over a 54-second interval. The air bubble 
was observed to move indicating that the drug was being injected, and the injector 
remained in place for another 46 seconds to ensure proper diffusion of the drug into the 
BLA/BMA region. This procedure was carried out bilaterally. 
Maternal Behavior Morning Measurements and Observations 
 During the weeklong test period, observations were recorded at around 10:00 each 
day. Every morning, the location of the female, pups, and nest were recorded. The pup 
weight and female weight were also recorded, along with general behavioral 
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observations. All measurements and observations were recorded using 8 pups. On Day 1 
post-partum, the pups were removed from the cage for a period of 20 minutes and then 
placed back in the cage in the two quadrants (4 pups per quadrant) farthest from the nest. 
A 20-minute retrieval test ensured that cannula implantations did not interrupt normal 
maternal behavior if females retrieved all pups to the nest. A similar procedure was 
carried out on Day 2 post-partum, but before the retrieval test each female had her inner 
stylets (“dummy cannulas”) removed and replaced bilaterally to imitate the injection 
procedure. This dummy cannula removal took place in an injection room that was 
separate from the observation room. Pup weight gain and retrieval of all pups to the nest 
during this 2-day period ensured that cannula implantation did not interfere with normal 
maternal behavior. 
 Intracranial drug injections occurred on post-partum Days 3, 5, and 7. On these 
days, all pups were removed from the cage and the female underwent the injection 
procedure. Twenty minutes after drug injection, pups were placed in the two quadrants (4 
pups per quadrant) farthest from the nest, and a 20-minute retrieval test was carried out. 
During the retrieval test the following were recorded: latency to sniff pups (a female 
underwent a “forced sniff” if she did not approach and sniff the pups within 5 minutes), 
latency to retrieve each pup (retrieval was defined as moving a pup from one quadrant to 
another), latency to group pups or retrieve all pups to the nest, latency to hover over pups, 
latency to crouch over pups, and number of line crosses (to measure general locomotor 
activity). Any pups not retrieved to the nest during this period were subsequently returned 
to the nest by the experimenter. 
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 Nursing behavior was observed and recorded during both the 20-minute retrieval 
test and a 15-minute nursing observation period 10 minutes after the end of the retrieval 
test. During the 20-minute retrieval test an observation was recorded every minute (a total 
of 20 observations), and during the 15-minute nursing observation an observation was 
recorded every 15 seconds (a total of 60 observations). The following behaviors were 
recorded: hover, low crouch, high crouch, sniff/lick, retrieve, or other. Hovering and 
crouching were recorded only if a female was over at least two pups. Qualitatively, a 
hover was defined as a female resting in an upright position with the pups under her, 
usually while the female was eating, self-grooming, or pup-grooming (Stern & Johnson, 
1990). A crouch was defined as a female actively supporting herself on all four limbs in a 
relatively rigid position while the pups nursed underneath her (Stern & Johnson, 1990). 
During a low crouch the female had a flat or slightly arched back, and during a high 
crouch the female had a severely arched back and usually had her head down (as in 
Numan et al., 2009). 
 Twenty-minute retrieval tests like those performed on Day 1 post-partum were 
also carried out on the mornings of Days 4, 6, and 8 post-partum to ensure recovery from 
the drug injections. 
Histology 
 Females were intracardially perfused on Day 8 post-partum with saline and 
formalin while under deep Nembutal anesthesia (100mg/kg ip). Brain sections were cut 
on a freezing microtome and were taken in fifty-µm intervals. They were subsequently 
stained with cresyl violet in order to reconstruct the exact location of cannula injection 
sites. Reconstructions were based on the stereotaxic atlas by Paxinos and Watson (1997). 
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Statistics 
 Statistics were carried out using both parametric and nonparametric statistics. 
Data were first analyzed with analysis of variance (ANOVA), and if ANOVA was 
significant, Fisher’s Least Significant Difference (LSD) was used for comparison 
between groups. If ANOVA approached significance (0.05<p<0.10), comparisons were 
made with LSD for the 0ng vs. 100ng groups and the 0ng vs. 200ng groups. 
 If the data did not meet the assumption of ANOVA, they were reanalyzed using 
Friedman’s ANOVA. If Friedman’s ANOVA was significant, Wilcoxon’s Test was used 
to compare the 0ng vs. 100ng groups and the 0ng vs. 200ng groups. Nonparametric 
analyses are presented only for those cases where the statistical outcomes differed from 
the parametric analyses. 
 Females who did not retrieve all pups during the 20-minute retrieval test were 
assigned latencies to retrieve all pups of 1201sec for statistical purposes. Similarly, 
females who required a forced sniff were assigned latencies to sniff pups of 301sec. For 
all statistical analyses, a minimum significance level of p = 0.05 (two-tailed) was used. 
Results 
 Muscimol injections bilaterally in the BLA/BMA region caused significant 
deficits in appetitive components of maternal behavior compared to saline injections. 
Additionally, muscimol injections did not impair general locomotor activity, supporting 
the hypothesis that deficits in maternal behavior caused by injections of muscimol are not 
due to deficits in motor behavior. Importantly, these deficits in maternal behavior were 
reversible - all animals exhibited normal maternal behavior 24 hours post-injection 
regardless of the drug dose. All females and pups gained weight throughout the weeklong 
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testing period, indicating that implantation of the cannulas and the drug injections did not 
permanently impair normal maternal behavior. 
 Figure 2, below, shows a cannula implantation site on target in the ventral 
BLA/dorsal BMA region. Although Figure 2 shows only one side of the brain, all cannula 
implantations were bilateral. The implant shown appears to be located ventrally in the 
BLA and dorsally in the BMA (Paxinos & Watson, 1997). Reconstructions of cannula 
implantation sites for all females (n=8) are shown in Figure 3 (p. 20-21). Based on the 
stereotaxic atlas by Paxinos & Watson (1997), the reconstructions indicate that most 
cannula implantation sites were located in the BLA/BMA region. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Photograph of an injection site in the basolateral amygdala (BLA)/basomedial 
amygdala (BMA), and lateral to the medial amygdala (MeA). This female exhibited 
normal locomotor activity but did not retrieve pups with muscimol injections of 100ng or 
200ng. 
  
 
 
 
 
 
MeA 
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Figure 3. Reconstructions of cannula implantation sites. On both (A) and (B), black dots 
represent females with retrieval deficits at 100ng and 200ng; gray dots represent females 
with retrieval deficits at 200ng, but not 100ng. 
 
 As shown in Figures 3-A and 3-B, five females had severe retrieval deficits 
(retrieved fewer than five pups) with both 100ng and 200ng injections of muscimol. 
Three females showed moderate retrieval deficits in that they retrieved five or more pups 
with 100ng, but retrieved fewer than five pups with 200ng. All females exhibited normal 
maternal behavior with 0ng. 
 In terms of general locomotor activity, a one-way ANOVA repeated measures 
analysis indicated that there were no significant differences between groups for number 
of line crosses during the twenty-minute retrieval test: F (2, 14) = 0.497, p = 0.497 (NS). 
B 
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The lack of significant differences between groups indicates that any deficits in maternal 
behavior were not due to impairments in locomotion. Across all groups, a female 
typically made about 20 line crosses during the 20-minute retrieval test (see Figure 4, 
below). 
 For latency to sniff pups, parametric analysis did not show significant differences 
between groups, but analysis with Friedman’s ANOVA revealed a significant effect of 
drug dose (Chi square = 8.313, df = 2, p = 0.016). Further analysis with a Wilcoxon’s test 
showed a significant difference existed for 0ng vs. 200ng (p=0.012), though no 
significant difference existed for 0ng vs. 100ng (p=0.16). These results suggest that only 
the highest drug dose (200ng) significantly increased the latency to sniff pups, and that 
most females became aware of and approached the pups after they were returned to the 
cage (See Figure 5, next page). 
 
Figure 4. Mean (± SE) number of line crosses for post-partum rats that received various 
doses of muscimol in the basolateral amygdala (BLA)/basomedial amygdala (BMA) 
region. No significant differences existed between groups for number of lines crosses 
during the 20-minute retrieval test. 
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Figure 5. Median (± Interquartile ranges) latency to sniff pups during the 20-minute 
retrieval test for post-partum rats that received various doses of muscimol in the 
basolateral amygdala (BLA)/basomedial amygdala (BMA) region. The asterisk indicates 
a significant difference between the 0ng and 200ng groups. 
 
  A parametric ANOVA showed significant differences between all groups for 
number of pups retrieved: F (2, 14) = 18.38, p < 0.0001. LSD multiple comparison 
analyses showed that the 100ng group retrieved significantly fewer pups than the 0ng 
group (p < 0.01), the 200ng group retrieved significantly fewer pups than the 0ng group 
(p < 0.01), and the 200ng group retrieved significantly fewer pups than the 100ng group 
(p < 0.01). In the 0ng group all females retrieved all 8 pups, while in the 100ng group 
only 3 females retrieved all 8 pups and in the 200ng group no females retrieved all 8 
pups. Three females in the 100ng group and 7 females in the 200ng group did not retrieve 
any pups. These results indicate that muscimol injections caused retrieval deficits, and 
that these deficits were dose-dependent (See Figure 6-A, p. 24).  
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 A Friedman’s ANOVA showed that latency to retrieve all pups was significantly 
different between groups (Chi Square = 10.18 (df = 2), p = 0.006). Further nonparametric 
analyses with Wilcoxon multiple comparisons revealed that latency to retrieve all pups 
was significantly different between the 0ng group and the 100ng and 200ng groups (p = 
0.017 and p = 0.012, respectively), though the 100ng and 200ng groups did not differ 
significantly from one another (p = 0.11). Again, in the 0ng group all females retrieved 
all 8 pups, while in the 100ng group only 3 females retrieved all 8 pups and no females 
retrieved all 8 pups in the 200ng group (See Figure 6-B, p. 25).  
 With respect to latency to retrieve all pups to the nest, parametric analyses 
revealed significant differences between groups: F (2, 14) = 7.52, p = 0.0061. The 100ng 
and 200ng groups did not differ significantly from one another, but females in both the 
100ng and 200ng groups had significantly longer latencies to retrieve all pups to the nest 
than the 0ng group (p < 0.05 and p < 0.01, respectively). It should be noted that in the 
0ng group 2 of 8 females did not retrieve all pups to the nest and were assigned a latency 
of 1201s for statistical purposes. The same was true of 6 of 8 females in the 100ng group 
and all 8 females in the 200ng group. These results are shown in Figure 6-C (p. 25). 
 
A 
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Figure 6. Mean (± SE) number of pups retrieved (A), median (± Inter-quartile ranges) 
latency to retrieve all pups (B), and mean (± SE) latency to retrieve all pups to the nest 
(C) during the 20-minute retrieval test for post-partum rats that received various doses of 
muscimol in the basolateral amygdala (BLA)/basomedial amygdala (BMA) region. An 
asterisk indicates a significant difference between two groups (a horizontal line 
designates the two groups being compared). 
 
B 
C 
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 Nursing observations were recorded during both the 20-minute retrieval test and 
the 15-minute nursing observation. Analyses using ANOVA revealed significant 
differences between groups for the number of nursing observations during the 20-minute 
retrieval test: F (2, 14) = 18.19, p < 0.001. Although the 100ng and 200ng groups did not 
differ significantly from one another, they both differed significantly from the 0ng group 
(p < 0.001 for both comparisons) (Figure 7, below). These results are most likely due to 
the fact that the 0ng group retrieved all pups to the nest significantly faster than the 100ng 
and 200ng groups (Figure 5-C), and thus began nursing sooner during the 20-minute 
retrieval test.  
 
Figure 7. Mean (± SE) number of nursing observations during the 20-minute retrieval test 
for post-partum rats that received various doses of muscimol in the basolateral amygdala 
(BLA)/basomedial amygdala (BMA) region. An asterisk indicates a significant difference 
between two groups (a horizontal line designates the two groups being compared). 
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 The three groups did not differ significantly for number or type of nursing 
observations during the 15-minute nursing observation period: F (2, 14) = 0.656, p = 
0.534 (NS). These data are shown in Table 1 below. 
Table 1: Nursing During 15-Minute Observation. 
Muscimol Dose Mean ± Standard Error 
0ng 54.75 ± 4.34 
100ng 44.75 ± 9.77 
200ng 39.25 ± 10.24 
Numbers of hovers, low crouches and high crouches over the 15-minute nursing period 
were totaled to evaluate differences between groups for nursing behavior. No significant 
differences existed between groups, indicating that all groups nursed for the same amount 
of time during the 15-minute nursing observation. 
 
 
Discussion 
 The present study explored the effects of temporary inactivation of the 
BLA/BMA region using muscimol, a GABA-A agonist, on appetitive aspects of maternal 
behavior in post-partum rats. Muscimol affects cell bodies that contain GABA receptors 
without inhibiting fibers of passage, so the results from the present study can be 
attributed to effects within the BLA/BMA region rather than effects on brain regions 
whose axons pass through the BLA/BMA region. The injections of muscimol likely 
inhibited the BLA/BMA region by simulating the effects of GABAergic interneuron 
activity, thereby inhibiting the glutamatergic output neurons that project to the NA-VP 
circuit (Petrovich, Risold & Swanson, 1996; Woodruff & Sah, 2007). The results 
demonstrate that bilateral injections of muscimol in the BLA/BMA reversibly disrupt 
appetitive maternal behaviors, and most notably disrupt retrieval of pups. Effects were 
shown to be dose dependent, as some females retrieved all pups at the 100ng dose but no 
females retrieved all pups at the 200ng dose. These results provide important evidence for 
the role of the BLA/BMA in maternal behavior, and support previous studies that have 
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shown the involvement of the BLA and BMA in reward and goal-directed behavior 
(Ambroggi et al., 2008; Ishikawa et al., 2008; Simmons & Neill, 2009). 
 The retrieval deficits seen in females injected with muscimol are likely not due to 
general locomotor deficits. Although females in the 200ng group had slightly longer 
latencies to sniff and approach their pups, there were no significant differences between 
groups for number of line crosses, indicating that females in all groups were equally 
active during the 20-minute retrieval test (Figures 4 & 5). The differences in latencies to 
sniff pups may have been due to interruption of pup stimulus recognition. Because pup 
stimuli can enter at the level of the amygdala and the NA-VP circuit, disruption of the 
connection between these two brain areas may affect a female’s ability to identify pup 
stimuli (Simerly & Swanson, 1986; Swanson & Petrovich, 1998). Thus, inhibition of the 
BLA/BMA with muscimol may prevent a female from detecting pup stimuli in the cage, 
thereby preventing her from readily approaching the pups. It is possible that only the 
200ng muscimol dose was high enough to cause significant deficits in pup stimulus 
recognition, as females in the 200ng had longer latencies to sniff pups (Figure 5). 
Importantly, the lack of significant difference between groups for line crosses indicates 
that the females were equally active during the 20-minute retrieval test across all 
muscimol doses (Figure 4). This means that that differences in latencies to sniff pups 
were not caused by impairments in motor functions, and instead potentially due to 
interruption of stimulus integration in the amygdala. 
 Additionally, the deficits observed in the present study appear to be limited to 
appetitive aspects of maternal behavior. Muscimol injections in the BLA/BMA region 
significantly decreased the number of pups retrieved during the 20-minute retrieval test 
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(Figure 6-A), but all females nursed for the same amount of time during the 15-minute 
nursing observation, regardless of drug dose (Table 1). These findings suggest that likely 
a different brain region or subset of neurons control consummatory behaviors. However, 
it is also possible that muscimol affects both retrieval and nursing, and that nursing 
behaviors were observed to be normal in the present study because of waning effects of 
the drug during the 15-minute nursing observation. The 0ng group differed significantly 
from the 100ng and 200ng groups for number of nursing observations during the 20-
minute retrieval test, but this is likely due to the fact that females in the 0ng group 
retrieved pups to the nest faster than the other groups, and therefore could begin nursing 
sooner (Figures 6-C & 7). Follow-up studies should include an additional retrieval test 
following the nursing observation. If females did not retrieve pups during the second 
retrieval test, it would provide strong evidence that inhibition of the BLA/BMA region 
causes deficits specific to appetitive maternal behaviors while leaving consummatory 
behaviors intact. 
 While deficits in retrieval behavior could be due to impairments in hoarding, this 
is unlikely considering than many of the females held and ate food during the 20-minute 
retrieval test. Furthermore, one female who did not retrieve pups at 100ng or 200ng 
approached an Oreo cookie that was placed in her cage during the 20-minute retrieval test 
and retrieved it to the nest, indicating that her retrieval behavior, but not her hoarding 
behavior, were affected by the muscimol injections. It should be noted that this 
nonsystematic test was only performed once with one female, so further work needs to be 
done to evaluate the validity of the hypothesis that deficits in retrieval are not due to 
deficits in hoarding. 
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 Based on the data presented herein, the present study supports the hypothesis that 
the BLA/BMA interacts with the mesolimbic DA system to promote maternal behavior, 
and that inhibition of this region while sparing fibers of passage interferes with the 
appetitive aspects of maternal behavior. Previous studies have shown that electrical 
lesions of the MPOA and BLA reduce bar-pressing for pups, suggesting that lesions of 
these brain areas interfere with maternal motivation (Lee, Clancy & Fleming, 2000). The 
findings of the present study strengthen previous findings in that they mimic the effects 
of MPOA and mesolimbic DA system lesions in rats, which cause retrieval deficits 
without affecting nursing (Numan, 1990; Numan & Stolzenberg, 2009). These 
similarities indicate that projections from the BLA/BMA region to the NA-VP circuit 
may be essential for normal expression of appetitive components of maternal behavior. 
 Though the data from this study provide strong evidence for the role of the 
BLA/BMA region in appetitive components of maternal behavior, the findings are not 
conclusive. Three of eight females in the 100ng retrieved pups during the 20-minute 
retrieval test and were categorized as showing only moderate deficits, while none of the 8 
females in the 200ng group retrieved all 8 pups (Figure 6). Implantations were localized 
to the BLA region in all females, but the reconstructions illustrate that the specific 
location of the implants varied within the BMA and the BLA (Figure 3). Thus, a possible 
explanation is that a dose of 200ng may have been necessary to spread and fully 
inactivate the region involved in promoting maternal behavior. Future studies, using 
permanent neuron-specific excitotoxic amino acid lesions, should explore the specific 
inputs from the BLA and BMA to the NA-VP circuit across the anterior-posterior plane 
of the BLA/BMA region. An additional concern was that because the muscimol doses 
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were relatively high, the drug may have spread to nearby brain regions and exerted their 
effects through a different, unidentified mechanism. 
 A follow-up study was conducted in our lab to address the concerns of the study 
presented here. The follow-up study employed a similar procedure as the present study, 
but two independent groups of primiparous rats were used: one group with bilateral 
cannula implantations in the BLA (n=6), and another group with bilateral cannula 
implantations in the MeA (n=6). The coordinates for the BLA cannulas were A -2.8mm, 
M/L ± 4.8mm, DV -6.7mm, and the coordinates for the MeA cannulas were A -2.8mm, 
M/L ± 3.3mm, DV -6.9mm (Paxinos & Watson, 1997). The MeA was chosen as a control 
site medial and ventral to the BLA to control for the effects of potential drug spread, and 
also because the MeA is part of an avoidance circuit for maternal responsiveness 
(Morgan et al., 1999; Numan, 2007). The MeA receives input from the accessory 
olfactory bulb, and some MeA projections contain GABAergic efferents (Swanson & 
Petrovich, 1998). It can be inferred, then, that olfactory stimuli (including pups) activate 
this brain region and cause inhibitory outputs as part of the avoidance circuit (Numan, 
2007). In order to induce deficits at the lowest possible dose, muscimol was injected at 
0ng, 100ng, and 150ng.  
 Statistical analyses of the follow-up study revealed a significant dose-injection 
site interaction (F (2, 20) = 3.58, p = 0.047), and that females in the 100ng BLA group 
retrieved significantly fewer pups than females in the 100ng MeA group (t (10) = 3.16, p 
= 0.01). The difference approached but did not reach significance for the 150ng groups (t 
(10) = 2.06. p = 0.07). Importantly, four of six females in the 100ng BLA group did not 
retrieve any pups, while all six females in the 100ng MeA group retrieved all eight pups. 
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Although the MeA group tended to exhibit more hyperactive behavior than the BLA 
group, the number of line crosses did not significantly differ between or across the 
groups, indicating that any deficits in maternal behavior were not due to locomotor 
deficits, and that maternal differences between groups were not due to differences in 
general motor activity. The results of the follow-up study more strongly support the 
hypothesis that the BLA, but not the MeA, is a region of the amygdala specifically 
involved in appetitive components of maternal behavior in post-partum rats. The findings 
of the follow-up study also suggest that any observed deficits in maternal behavior were 
not due to drug spread, since significant differences existed for the two injection sites. 
 The specific mechanism of interaction between the BLA and the mesolimbic DA 
system and how these interactions aid in the maintenance of appetitive components of 
maternal behavior should be explored more completely. While it is known that 
glutamatergic efferent neurons project from the BLA to the NA-VP circuit, the location 
of these synapses should be mapped in correlation with VTA synapses on the NA 
(Ishikawa et al., 2008; Petrovich, Risold & Swanson, 1996). The model of maternal 
behavior employed by this study proposes that when the NA is inhibited by the VTA the 
VP is liberated from the NA through a process of disinhibition (Numan & Stolzenberg, 
2008). More work is needed to determine how glutamatergic efferents from the BLA 
simultaneously inhibit the NA and stimulate the VP to promote maternal behavior in 
conjunction with dopaminergic efferents from the VTA. Studying GABA levels in the 
BLA during pregnancy and after parturition would be of related interest, as decreased 
GABA levels would decrease the activity of GABAergic interneurons and allow 
increased activity of glutamatergic output neurons, thereby promoting maternal behavior.  
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 Uncertainty still exists concerning the exact role of the BLA in maternal behavior. 
Follow-up studies should use excitotoxic lesion techniques sparing fibers of passage to 
lesion the BLA or a control site bilaterally and test for long-term maternal behavior 
deficits. In addition, follow-up studies should compare retrieval of pups with hoarding of 
food rewards to ensure that any deficits are not due to problems with hoarding (although, 
as previously stated, this seems unlikely considering that many females in the present 
study who exhibited deficits in maternal behavior held and ate food during the 20-minute 
retrieval test). Future studies should continue to lower to the doses of drugs used in order 
to control for potential effects of spreading. Moreover, our model of maternal behavior 
would be further supported if asymmetric neuron-specific lesions of: 1) the MPOA and 
the BLA, and 2) the VP and BLA caused deficits in the maternal behavior of post-partum 
rats. 
 The model of maternal behavior employed by this study also proposes that, in 
addition to BLA efferents, PFC efferents to the NA-VP circuit promote maternal 
responsiveness to pup stimuli in post-partum rats (Figure 1). The PFC, like the 
BLA/BMA region, is functionally and anatomically diverse and complex. The medial 
PFC (mPFC) contains the infralimbic (IL) and prelimbic (PL) cortices, both of which 
project to different brain areas. The IL projects to the MPOA/BNST, BMA, NA, and 
VTA, while the PL projects to the NA, BLA, VTA, and VP (Vertes, 2004). The IL PFC 
and PL PFC have been shown to be involved in motivational processes, and both project 
to either the MPOA or the mesolimbic DA system - areas known to be involved in 
appetitive aspects of maternal behavior. 
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 The PFC is involved in action planning in response to reward, and the mPFC is 
specifically involved in associating a selected action with the subsequent reward 
(Ishikawa et al., 2008; Killcross & Coutureau, 2003). Inhibition of the mPFC, then, could 
potentially affect the expression of maternal behavior, which is assumed to be modulated 
in a similar manner as other goal-directed behaviors. Inactivation of the PL PFC with 
muscimol and baclofen has been shown to reduce response rates in a discriminative 
stimulus (DS) task for sexually rewarding stimuli, but increase response rates for non-
rewarding stimuli, indicating that the PL PFC may activate goal-directed behavior and 
simultaneously inhibit behavior unrelated to reward acquisition (Ishikawa et al., 2008). 
With regards to maternal behavior in rats, lesions of the PL PFC have been shown to 
interrupt lever pressing for pups in post-partum rats (Coutureau, Marchand & Di Scala, 
2009). Inhibition of the mPFC with tetradotoxin, a voltage-gated sodium channel blocker 
that inhibits cells bodies as well as fibers of passage, has also been shown to significantly 
reduce retrieval of pups without affecting general locomotor behavior (Febo, Felix-Ortiz 
& Johnson, 2010). Finally, excitotoxic lesions of the mPFC impaired pup retrieval and 
pup licking, but not nest building or nursing (Afonso et al., 2007). 
 A second study was conducted in our lab to further explore the role of the medial 
PFC in maternal behavior. Similar to the BLA/BMA study presented in this paper, the 
PFC study used 0ng, 100ng, and 200ng doses of muscimol to temporarily inactivate the 
IL region of the mPFC. The coordinates for the implantation sites of the guide cannulas 
were A 3.2mm, M/L ± 0.75mm, DV 3.2mm (Paxinos & Watson, 1997).  
 There were no significant differences between groups for number of line crosses 
(F (2, 16) = 0.780, p = 0.47 (NS)), indicating that any deficits in maternal behavior were 
BLA Inactivation & Maternal Behavior     35 
 
not due to motor impairments. Statistical analyses revealed that both the 100ng and 
200ng groups retrieved significantly fewer pups than the 0ng group (p < 0.05 and p < 
0.01, respectively), but also that the 100ng and 200ng groups did not differ significantly 
from one another. It should be noted that four of nine females in both the 100ng and 
200ng groups retrieved all of their pups during the 20-minute retrieval test, so any 
observed maternal behavior deficits were limited to five females in each group. Finally, 
the three groups did not differ significantly for nursing during the 15-minute nursing 
observation, suggesting that any deficits in maternal behavior were limited to appetitive 
components and spared consummatory components. These data trend toward supporting 
the hypothesis that the PFC is important for appetitive components of maternal behavior, 
though some females in the 100ng and 200ng groups exhibited normal maternal behavior. 
 The findings from the PFC study are relatively inconclusive and may have been 
muddled by varying implantation sites. Although all implants were located in the PFC, 
some were in the IL PFC while others were located more rostrally in the medial orbital 
PFC, and still others were located rostrally and caudally in the ventral orbital PFC. 
Ishikawa et al. (2008) found that the PL PFC, but not the IL PFC, was important for 
performance on a discriminative stimulus (DS) task. Other studies have shown that when 
the IL PFC is injected with muscimol or a mixture of baclofen and muscimol, DS 
response latency does not increase, suggesting that the IL PFC may play a role in 
suppressing, rather than promoting, goal-directed behavior (Coutureau & Killcross, 2003; 
Ishikawa et al., 2008). Conversely, inhibition of the PL PFC interrupts goal-directed 
behavior, indicating that the PL PFC may be important for promoting such behavior 
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(Coutureau & Killcross, 2003; Ishikawa et al., 2008). Thus, more work needs to be done 
to determine the exact area of the PFC involved in promoting maternal behavior in rats.  
 Based on evidence from this PFC study as well as the published literature, follow-
up studies need to have more precisely placed cannulas or use neuron-specific excitotoxic 
amino acid lesions in order to accurately and conclusively determine whether the PL PFC 
is important for promoting appetitive aspects of maternal behavior. Additionally, the 
effectiveness of mixtures of muscimol and baclofen in comparison with just muscimol in 
inhibiting the PFC could be explored. Previous studies have successfully used a mixture 
of muscimol and baclofen in order to ensure that all GABAergic neurons were targeted 
(Ambroggi et al., 2008; Arrati et al., 2006; Ishikawa et al., 2008). Once a specific region 
of the PFC is identified as being important for the maintenance of maternal behavior, 
future studies should test the efficacy of lower drug doses and use control sites to ensure 
that effects are not due to spreading. Follow-up studies should also ensure that deficits in 
maternal behavior are not due to impairments in hoarding behavior, as it has been shown 
that medial frontal cortical lesions can result in decreased hoarding of food (Whishaw & 
Oddie, 1989). 
 Last, an asymmetric neuron-specific excitotoxic amino acid lesion study of the PL 
PFC and the BLA could provide further insight into whether these two brain areas work 
in conjunction to promote maternal behavior. Studies have found that the PFC and the 
BLA both project to the NA, but that their projections are in large part segregated from 
one another (Maslowski-Cobuzzi & Napier, 1994; Wright & Groenewegen, 1995). Some 
overlap does exist, though, in the shell and core of the NA, making it more difficult to 
target the specific neurons responsible for promoting maternal behavior (Wright & 
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Groenewegen, 1995). Coutureau et al. (2009) found that asymmetric lesions of the PL 
PFC and BLA did not decrease lever-pressing for food reward, even though bilateral 
lesions of each area independent of one another caused significant deficits. However, 
different effects may be observed for maternal behavior, and this may be particularly true 
once the specific BLA/BMA and PFC sites responsible for maternal behavior are 
determined. Thus, asymmetric lesions of the PL PFC and BLA, both of which are known 
to project to either the MPOA or the mesolimbic DA system, in primiparous rats could 
potentially produce maternal deficits post-partum. 
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